The alloys, compounds, or other systems consisting of rare earth (RE) and 3d transition metals (TMs) are of high interest for their current and potential applications in permanent magnets and magnetic recording media [1, 2] . For such materials with multiple magnetic elements, measurement techniques with elemental resolution are required for studying the magnetic coupling and revealing the origin of some magnetic properties [3, 4] . In recent decades, element-specific x-ray magnetic circular dichroism (XMCD) has been commonly applied to these materials to separately probe TM 3d and RE 4f moments [3] [4] [5] [6] . As a counterpart of synchrotron-based XMCD, energy-loss magnetic chiral dichroism (EMCD) based on transmission electron microscopy (TEM) is also a technique to measure the element-specific orbital and spin moments with applying sum rules [7] [8] [9] . Compared to XMCD, EMCD may uniquely achieve magnetic moment information with high spatial resolution, down to 1 nm or even less in the ultimate case of tailored beams [10, 11] and is capable of simultaneously obtaining morphology, local atomic structure, and chemical components in a TEM [12] . EMCD has thus great potential in the study of complex nanostructures with multiple magnetic elements and nonhomogeneous magnetic configurations or one element presenting different moments. With these promising prospects, EMCD has been constantly improved; however more effort is still required to study TM-RE systems with this technique. First, although EMCD experiments have been extensively performed on L 2,3 (2p 1/2,3/2 → 3d 3/2,5/2 ) edges of 3d TM [8, 9, 11, [13] [14] [15] in recent years, M 4,5 (3d 3/2,5/2 → 4f 5/2,7/2 ) edges of 4f RE rarely have been investigated. Moreover, differing from XMCD, the EMCD signal is influenced by dynamical electron diffraction effects [8, 9, 16] . Thus special attention should be paid to the acquisition and interpretation of EMCD signals from TM 3d and RE 4f moments when investigating the coupling behavior in the system.
In this Rapid Communication, we apply EMCD to a single-crystalline DyFe 2 /YFe 2 superlattice, which is a model TM-RE system with nonhomogeneous magnetic configurations, such as an exchange spring [6] demonstrated under a magnetic field, owing to exchange couplings. 4f and 3d moments are simultaneously probed by studying Dy-M 4, 5 and Fe-L 2,3 electron energy-loss (EEL) edges, respectively. Specific EMCD sum rules for M 4,5 edges are established and applied to Dy-M 4,5 edges. The EMCD signals of Dy and Fe are compared to reveal the magnetic configuration. This study constitutes a first important step in the use of EMCD for investigating nanosystems based on RE-TM components, and the next phase will be to combine it with the high spatial resolution that can be uniquely achieved in a TEM.
The single-crystalline DyFe 2 /YFe 2 superlattices were grown using solid-source molecular-beam epitaxy on (1120) orientated sapphire substrates, covered by a 50-nm (110) niobium chemical buffer layer and a 2-nm iron seed layer subsequently [6] . A TEM cross-sectional specimen was prepared to investigate the crystallographic structure and local magnetic properties. TEM studies were performed on a Tecnai F20 microscope operating at 200 kV, fitted with an objective lens aberration corrector and imaging filter (Gatan Tridiem). The sample was submitted to a 2-T magnetic field due to the objective lens. The EMCD experimental configuration is demonstrated in Fig. 1 . A large-angle convergent diffraction configuration is fulfilled to obtain a diffraction pattern corresponding to a three-beam condition on the image plane, and the energy spectrum imaging (ESI) technique is applied to record data cubes [13] . The data cubes contain a series of energy-filtered diffraction patterns with an energy window of 1 eV running over the investigated Fe-L 2,3 and Dy-M 4,5 edges. Two virtual apertures are accurately positioned in positions 1 and 2 on each postcorrected data cube to obtain two reconstructed EELS spectra [13] . At the two positions, different combinations of two electron scattering vectors q and q give rise to left-and right-handed polarized virtual photons, which are analogs to the circularly polarized x ray in XMCD [11, 13] . The magnetic moment information is then extracted from the difference spectrum called the EMCD spectrum.
To realize the simultaneous investigation of Fe and Dy sites with EMCD, suitable diffraction spots corresponding to suitable experimental diffraction conditions have to be carefully chosen. The crystal structure of the superlattice must be first studied. TEM imaging and diffraction of the specimen are demonstrated in Fig. 2 Fig. 2(d) , the interfaces between layers, observed along the [110] direction, appear rather flat and clean as DyFe 2 and YFe 2 compounds have the same C15 Laves phase structure and very close lattice constants at room temperature [17] . A DyFe 2 (YFe 2 ) unit cell, space-group F d-3m, contains eight Dy(Y) atoms in a face-centered-cubic diamond lattice and 16 Fe atoms in tetrahedrons [17] as shown in the inset in Fig. 2(d) . Accordingly the diffraction patterns of DyFe 2 and YFe 2 are superimposed, and the calculation hereafter will be made only for DyFe 2 . A diffraction pattern, acquired through several bilayers, is displayed in the inset of Fig. 2(d) .
The structure factors F hkl of Dy and Fe atoms, providing in particular the information on the contributions to each specific diffraction spot, have then to be calculated. The expressions are given in Eqs. (1) and (2),
where h,k,l are all integers and f hkl(Dy) and f hkl (Fe) are the atomic scattering amplitudes for Dy and Fe atoms, respectively. The calculated structure factors for several diffraction spots are listed in Table I . Given that (113) and (111) spots have nonzero values for both F hkl(Dy) and F hkl(Fe) , they contain information from both Dy and Fe sites and are of interest for our EMCD experiment. Moreover, the (113) spot has a much higher intensity than the (111) spot as seen in Fig. 2(d) and is thus preferred.
In the (113) three-beam condition, more than 20 data cubes were recorded to achieve enough statistics. Typical EELS and EMCD spectra measured at room temperature are presented in Fig. 3 . Dichroism for both Fe and Dy elements is observed. The dichroism for the RE element, similar to TM, basically originates from the M J states unequal occupation determined by the competition between Zeeman splitting energy and thermal fluctuation [3, 18] . Furthermore, despite the weak but clearly visible signal at the Dy-M 5 and Dy-M 4 edges, it is of interest to note that the dichroic signal has a positive sign at the Fe-L 3 peak and a negative one at Fe-L 2 , whereas it has a negative sign at both Dy-M 5 and Dy-M 4 peaks. For XMCD, such opposite signs as those observed at the Fe-L 3 and Dy-M 5 edges generally indicate the antiparallel alignment of the two magnetic moments [3, 4, 19, 20] . However for EMCD, it may not be necessarily true due to dynamic diffraction effects. The physical meaning of the signals here needs to be interpreted by EMCD sum rules.
The EMCD sum rules for the L 2,3 edges of 3d TM ions or atoms, such as Fe have been established [8] and already applied. The sum rule for the spin-to-orbital moment ratio [8] is given in Eq. (3),
where σ 2 − σ 1 is the spectra difference, L z , S z , T z are the ground-state values of the orbital momentum, the spin momentum, and the magnetic dipole operators, respectively. Equation (3) results from the combination of the L z orbital sum rule and the S z spin sum rule in which there is a K factor containing all the information related to dynamic diffraction effects. This factor is canceled in Eq. (3). The EMCD sum rules for L 2,3 edges can however not be applied to Dy-M 4,5 edges as they characterize different electron transition processes. Specific rules for M 4,5 edges are required. First, it has been confirmed that the EMCD sum rules for M 4,5 edges can also be extended from the XMCD ones [21] . In general with XMCD sum rules [3, 22, 23] , there are three variables: l and L denoting the orbital quantum number of the core and valence shells involved in the l → L dipole electron transition and N h denoting the number of holes in the valence shell. The L 2,3 edges correspond to the electron transition from l = 1 to L = 2 whereas the M 4,5 edges correspond to the transition from l = 2 to L = 3. Then starting from the general XMCD sum rules and using the same procedure as in Refs. [8, 24] , we derived the S z , L z , and S z / L z sum rules for the M 4,5 edges. The Supplemental Material [25] details the useful derivation steps, and the results are presented in Eqs. (4)- (6) . It is equivalent to the development of Ref. [21] . We notice that K appears in Eqs. (4) and (5) as in the S z and L z sum rules for the L 2,3 edges, With sum rules for the L 2,3 and M 4,5 edges, we first discuss the possible antiparallel alignment between Dy and Fe moments. Following the XMCD demonstration in Refs. [3, 4, 19, 20] and according to Eq. (4) for Dy and its equivalent for Fe [8] , a clear conclusion on the Dy and Fe moment relative orientations can be addressed if the signs of K for both edges are determined. K not only is dependent on the sample properties including the crystal structure, locations of ionized atoms in the lattice, and the local thickness, but also is influenced by experimental conditions, namely, the sample orientation, the excitation error of the incident beam, the detector position, and the aperture size [8] . In our experiment, the Fe-L 2,3 and Dy-M 4,5 edges were obtained in the same experimental conditions: the same area of around 50-nm thick with exactly the same crystal orientation. Detectors with the same aperture size were also precisely positioned in the post-treatment process. That happens to be one of the most outstanding advantages of the ESI recording method. As to the sample structural properties, the locations of ionized Fe and Dy atoms differ. Setting all our specific experimental conditions and sample structural properties mentioned above, we calculated the dichroic signals for Fe and Dy using the "BW" program developed by Löffler and Schattschneider [26] . The thickness-dependent dichroism [27] calculated by this program additionally is presented in the Supplemental Material [25] . From the calculation, we confirm that the dichroic signals for Fe and Dy have the same sign in the default condition of parallel alignment of Fe and Dy moments. Therefore, the opposite signs in Fig. 3 are not ascribed to K but unambiguously indicate an antiparallel alignment of net Fe 3d and Dy 4f moments.
This conclusion however does not necessarily reveal an antiparallel orientation between all Fe 3d and Dy 4f moments. The investigated area actually covers about three bilayers, so the Fe signal comes from both DyFe 2 and YFe 2 . It is known that under a zero magnetic field, Fe moments in DyFe 2 layers are antiparallel to Dy moments and parallel to Fe moments in YFe 2 layers [28] for minimizing the exchange energy. With a suitable applied field, the DyFe 2 /YFe 2 superlattice may form an exchange spring [6] where only Fe moments in the core of YFe 2 layers twist towards the applied field. In our experiment, a 2-T magnetic field is applied nearly along the [110] zone axis. In this case, concerning the room temperature and the DyFe 2 /YFe 2 relative thicknesses, 140416-3 previous superconducting quantum interference device and XMCD measurements performed for similar samples [6, 28] have revealed a homogeneous ferromagnetic order of dominant Dy moments pointing towards the field and an inhomogeneous twisted order of Fe moments as shown in the inset of Fig. 3 .
The sum rules can then be applied to the dichroic signals at the Fe-L 2,3 and Dy-M 4,5 edges. Three important points have first to be underlined here before giving quantitative values. The first point is the validity and accuracy of the sum rules. The XMCD S z sum rule strictly requires that the core spin-orbit splitting is sufficiently large compared with other interactions including mainly the core-valence exchange interaction [29, 30] . We assume it also true for EMCD as the EMCD sum rules are derived from XMCD. To be more specific, the Fe-L 3 and Fe-L 2 edges have to correspond to pure 2p 3/2 and 2p 1/2 , respectively, and similarly M 5 and M 4 edges correspond to pure 3d 5/2 and 3d 3/2 states [30] . In the real situation, the mixing between two p states exists due to the 2p-3d exchange interaction for Fe, illustrating an overlapping region in L 3 and L 2 edges. The spin moment of Fe calculated with the S z sum rule is thus precise within 5%-10% [31] . Fortunately the 3d-4f exchange interaction is negligible for heavy 4f moments, such as Dy, which has a sufficient energy gap between M 5 and M 4 edges owing to the strong spin-orbit coupling [30] . We thus consider sum rules for the Dy-M 4,5 edges as valid and accurate. Second, an important assumption was made in the derivation of the EMCD sum rules [8, 21] : All magnetic moments are aligned along the z axis, which is parallel to the TEM beam axis, otherwise the obtained moment is the component projected along the z axis. As previously discussed, Dy moments are aligned along z, but Fe moments can form a spring in our experimental condition. The Fe moment obtained from the dichroic signal is thus a z-component moment. The third point is that the strong spin-orbit coupling in a 4f element makes T z in Eqs. (4) and (6) non-negligible. The L z / S z value of Dy can therefore hardly be obtained by directly applying Eq. (6) to the dichroic signal. We instead estimate the ratio of L z to the effective spin moment defined by S z eff = S z + 3 T z for Dy. For 3d TM atoms or ions, T z is negligible compared to S z [23] , so we consider the effective spin moment for Fe
The measured L z / S z value of Fe is 0.20 ± 0.05, and the L z / S z eff of Dy is 5.1 ± 1.8. The error is estimated by the standard deviation on the results of selected data cubes. It mainly originates from a relatively low signal-to-noise ratio. Slight deviations from the perfect three-beam condition, postnormalization, aperture size, and plural scattering also play roles, and experiments have been performed in previously optimized conditions [15, 32] . The experimental value of Dy is larger than the theoretical value of 1.40, calculated via density functional theory and the local spin-density approximation using the full-potential linearized augmented plane-wave-code WIEN2K [33] . For comparison, a L z / S z eff value of 1.82 has been numerically calculated in Ref. [30] for Dy 3+ . The discrepancy between our experimental and theoretical values may mainly result from the oversimplification of theoretical calculations which are based on the atomic ground state at T = 0K. For Dy, the lower Zeeman level M J = −15/2 is mainly occupied with negligible influence of thermal energy at low temperatures close to 0 K, whereas at room temperature, other higher-lying states are also occupied, making the dichroism inevitably vary [3] . Additionally in recent XMCD experiments for DyCo 3 , a L z / S z eff value of 4.36 ± 0.40 for the Dy ion at 300 K was reported [3] . Given the rather high dispersion of the published results, we can consider our EMCD value as on the same order of magnitude with the XMCD value reported for the Dy ion in DyCo 3 . For Fe, a careful comparison between the experimental and the theoretical values cannot easily be made since the dichroic signal of Fe results from an inhomogeneous configuration of Fe moments.
In conclusion, we applied the EMCD technique to the single-crystalline DyFe 2 /YFe 2 superlattice, simultaneously probing Fe and Dy sites by investigating Fe-L 2,3 edges and particularly Dy-M 4,5 edges in a TEM. Referring to the calculated structure factors, the (113) three-beam condition was specially set for the EMCD signal acquisition. Dichroic signals of both elements were observed, and opposite signs at Fe-L 3 and Dy-M 5 peaks were noticed. Specific EMCD sum rules for the M 4,5 edges, different from those for the L 2,3 edges, were obtained and discussed in detail. The orbital to effective spin moment ratios of Dy and Fe were then determined by applying respective sum rules. Additionally, the opposite signs of Fe-L 3 and Dy-M 5 peaks have been proved to indicate antiparallel alignment between net Fe and Dy moments with dynamic diffraction effects considered. The EMCD technique is now verified to be an effective tool to probe 4f moments and investigate the 3d-4f coupling in a RE-TM system. The coming progress to achieve the simultaneous high spatial resolution will make EMCD a more efficient tool for the local investigation of magnetic moments and magnetic coupling, a complementary technique to XMCD experiments. 
